Summary: Log-spiral beaches display defined physical gradients alongshore. However, the majority of studies focus on the variability of a single population of macrofauna species. We aimed to investigate the variation in species distribution and in community structure along ten transects on a log-spiral beach. Principal component analysis indicated a clear physical gradient alongshore. Redundancy analysis showed that the sheltered end was related to smaller particle sizes, higher organic matter content and high densities of polychaetes. The exposed end was characterized by coarser sand, lower organic matter content and a high presence of crustaceans. Model selection indicated that the "best fit" to explain the variability in the number of individuals included grain size and beach slope. Variability of the polychaete Scolelepis squamata was best explained by grain size, slope and sediment sorting. The best model for the cirolanid Excirolana armata only included sediment sorting. The physical gradient in sediment texture and the beach slope explained more than one-third of the variability in community structure. The physical variables were also correlated with the distribution of the individual species. We showed that the physical gradient on log-spiral coasts may be an important driver of macrofauna variability, even at mesoscales and in dissipative conditions. Keywords: macrofauna assemblage; curved beaches; mesoscale; intertidal; morphodynamic; physical gradient.
INTRODUCTION
Sandy beaches are the most common coastal environment and harbour a specialized biota (Defeo and McLachlan 2005) , but they are frequently neglected and poorly represented in studies of marine coastal systems McLachlan 2005, Harris et al. 2014) . In ecology, the scale of the investigation plays an important role (Wiens 1989) , and understanding the distribution of species at the micro-, meso-and macroscale is a primary goal for conservation and management of sandy beaches (Defeo and Rueda 2002 , Schoeman and Richardson 2002 , Barboza and Defeo 2015 . At the mesoscale (within a beach arc), the community structures and species distribution can be investigated in three dimensions: across-shore (perpendicular to the water mark), alongshore (parallel to the length of the beach) and vertically (from the surface of the sediment layer to greater depths). Because most species live closer to the surface of the sand, the distribution of the macrofauna is two-dimensional: across-shore and alongshore (McLachlan and Brown 2006) .
Although the classical zonation patterns on sandy beaches are well established (MacLachlan and Brown 2006) , in the 1980s researchers began to qualitatively investigate the ecology and ecophysiology of the sandy beach macrofauna (Defeo and McLachlan 2005) . The community descriptors and the zonation patterns of the macrofauna vary within the across-shore dimension. Generally, the distribution of macrofauna is sparse in the surf zone and supralittoral zone, whereas it is more abundant in the intertidal zone (MacLachlan and Brown 2006) . Zonation patterns were previously proposed by Dahl (1952) and were based on the typical crustacean fauna that inhabit the three biological zones. Furthermore, based on how the hydrodynamics of the interstitial water changes with shore level, Salvat (1964) defined four physical zones according to the species assemblage found within each zone. Moreover, Dahl's zonation patterns can be easily superimposed on Salvat's physical zones. These zones do not have sharp boundaries and, in fact, often overlap (McLachlan 1983 , 1990 , Degraer et al. 2003 . Historically, most studies have focused on the across-shore zonation patterns of the macrofauna Jaramillo 1995, Schlacher and Thompson 2013) . In contrast, fewer studies have investigated the alongshore distribution of macrofauna on sandy beaches. The species distribution alongshore is dependent on the spatial scale investigated, which may be patchy, asymptotic or bell-shaped, and varies according to the morphodynamic states (McLachlan and Hesp 1984 , Giménez and Yanicelli 2000 , Defeo and de Alava 1995 . Usually, species density is high in the central portions of the beach arc and decreases towards one or both ends (MacLachlan and Brown 2006) . The macrofauna distribution alongshore is related to several physical factors, including the presence of freshwater discharge Defeo 2003, Gandara-Martins et al. 2014) , the morphology and water circulation of the sandy beach (McLachlan and Hesp 1984 , Donn 1987 , Giménez and Yanicelli 2000 , the particle grain size and the slope (McLachlan 1996 , Lastra and McLachlan 1996 , Fernandes and Soares-Gomes 2006 . In addition, biotic factors, such as food availability, settlement behaviour and intra/interspecific competition, also play a role in the alongshore distribution of macrofauna and may interact with the physical variables (Ansell 1983 , Defeo and de Alava 1995 , Schoeman and Richardson 2002 . Studies have also shown that human-induced variability, such as the presence of seawalls and revetments, drives variation in macrofauna distribution (Dugan and Hubbard 2010) .
The alongshore variability in beach exposure is an important variable that influences the distribution of intertidal species. Spiral bays or log-spiral beaches display more clearly defined physical gradients along the sheltered narrow end than at the more exposed open end. This pattern is generated by the interaction between the wave energy, the grain size and the beach face slope (LeBlond 1979 , Bremmer 1983 . Because the sand texture and swash flow are the two most important factors that define the beach habitat of benthic macrofauna, the distribution of macrofauna varies along this physical gradient (McLachlan 2001) . Furthermore, the species composition and abundance also respond to morphodynamic variables and decrease alongshore with increasing beach slope and grain size (Degraer et al. 2003) .
The majority of studies investigating the distribution of macrofauna along log-spiral bays have focused primarily on the variability of a single species population (Donn 1987, Schoeman and Richardson 2002) . However, the length of the beach is a significant factor in beach ecology (Brazeiro 1999) , so the limited number of studies concerning the community variability on a single log-spiral beach is particularly evident for shortened physical gradients (<1 km long). Different processes operating at multiple spatial scales differentially affect the distribution of species along the beach (Giménez and Yanicelli 2000, Rodil et al. 2012) . It is believed that on large scales, the macrofauna is mainly controlled by the physical environment (Defeo and McLachlan 2005) , whereas biological factors are a very important driver of species distribution on smaller scales and under more dissipative conditions (Defeo et al. 2003, McLachlan and Dorvlo 2005) . However, Rodil et al. (2012) showed that sediment characteristics and the beach face slope showed the highest contribution to explaining most of the macroinvertebrate community variation at the mesoscale. Therefore, in this study, we investigated the species distribution along a dis-sipative log-spiral beach located on the southern coast of Brazil. We hypothesized that the physical gradient would be an important driver of species distribution on short, dissipative log-spiral beaches. Furthermore, because log-spiral beaches display a defined gradient of exposure and sediment texture, we predicted that even at limited spatial scales (hundreds of metres) the macrofauna variability at both the population and community level would strongly correlate with the physical gradient, as measured by the sediment texture and beach face slope.
MATERIALS AND METHODS

Study area
Sepetiba Bay (Fig. 1) is located on the coast of Rio de Janeiro State in southeastern Brazil and has a surface area of 450 km 2 . It is a sedimentary embayment that is shaped by extensive processes of sand deposition. Based on the environmental characteristics, the bay can be divided into three sectors: the inner sector (influenced by freshwater discharges from several small rivers), the outer sector (influenced by oceanic waters and in contact with the Atlantic Ocean by a wide mouth located at its western end) and the middle sector (a mixed zone with intermediate environmental conditions influenced by freshwater discharges and by oceanic waters). The outer sector is marked by the presence of islands with several sheltered and exposed sandy beaches (Cardoso et al. 2012 ). The mean tidal range of the region is 1.50 m and currents, with a maximum speed of approximately 1 m/s, mainly regulate the hydrodynamic conditions (Fragoso 1999) . At its western end, the Sepetiba Bay is connected to Ilha Grande Bay by a narrow channel in which the main current direction is from west to east (Signorini 1980 , Fragoso 1999 . Cardoso et al. (2012) , studying 12 sandy beaches on five islands within Sepetiba Bay, showed that the species richness and total abundance markedly increase in the inner bay, where the wave action is minimal. They also verified that wave exposure variability, sediment variables (e.g. silt-clay content), and the length and width of the beaches had a stronger influence on macrofauna. Suja Beach is located in the outer sector of the bay (facing the continent) and has a beach arc approximately 2 km long (Fig. 1 ). It has a Beach Index (McLachlan and Dorvlo 2005) of 2.28 and is classified as a dissipative sandy beach. The dominant south/southwestern winds (Signorini 1980 , Fragoso 1999 ) and the orientation of the beach in relationship to the oceanic swells are responsible for the log-spiral shape of the beach (LeBlond 1979 , Bremmer 1983 . The beach has a sheltered area at the narrow end and a more exposed area at the open end, creating a defined physical gradient of morphodynamic characteristics and sediment texture. The sheltered end also contains a pier that advances 70 m into the sea. In the middle area of the beach arc, there is also a small freshwater river mouth.
Sampling procedures and morphodynamic measures
The sampling was performed in April 2009 along ten equally spaced (100 m) transects perpendicular to the shoreline. Although this was a snapshot study, we investigated the variability of a well-established morphodynamic feature from a single beach arc. The spatial pattern defined by a protected and an exposed end alongshore is not mutable over time, so we can expect the same main physical influence at different times. Ten equally spaced sampling levels were established on each transect; the first was at the waterline, the second to last was on the drift line and the last was 3 m above the drift line (supralittoral zone). A total of 100 samples were taken at a depth of 25 cm with a 0.04 m 2 quadrat sampler. The collected sediment was sieved through a 0.50 mm mesh sieve, and the retained material was taken to the laboratory, where the organisms were sorted and fixed in 5% buffered formalin.
The beach face slope was determined by the height difference (Emery 1961) between the supralittoral zone and the waterline at each transect. Sediment samples for particle size analysis were collected from each transect at four equally spaced levels using a 3.5 cm diameter corer. The samples were oven-dried at 70°C and passed through a series of sieves in order of size and parameters were estimated according to Folk and Ward (1957) . The total organic matter (TOM) content was estimated in sub-samples of 5 g of dried sediment after calcination at 500°C for 1 h.
Data analysis
The biological data were arranged in an n×p matrix, with the transects in rows and the species in columns. The abundance of each species was calculated by summing up the number of individuals sampled in each level of each transect (Schlacher et al. 2008) . Sediment variables were assessed using the grain size, sorting, skewness, kurtosis and content of organic matter, calculated using mean values from five levels (2, 4, 6, 8 and 10) of each transect, which provided a point estimate. A principal component analysis (PCA) was used to assess patterns of spatial variation in sediment features and beach slope. A redundancy analysis (RDA) (Rao 1964 ) was used to link the physical and biological variability. Prior to performing the RDA, the physical matrix (including the sediment parameters and the beach slope) was standardized, and the Hellinger transformation (Legendre and Gallagher 2001) was applied to the biological matrix.
Generalized linear models (GLMs) using a Poisson distribution (Zuur et al. 2009 ) were adjusted to investigate the variability in the counts of the total number of individuals and the number of individuals from the most abundant species. The models were run using the main morphodynamic descriptors of sandy beaches (particle grain size, beach face slope and sediment sorting) as predictors (Defeo and McLachlan 2005) . TOM was excluded as a predictor to avoid model saturation and because it was significantly correlated (p<0.05) with sediment sorting. To search for the best-fit model to explain the biological variability, we primarily ran a total of eight candidate models (all possible combinations of the additive effects 2 n , where n is the number of predictors). Applying a theoretical inference approach, the 'best-fit model' was selected using the corrected Akaike Information Criteria (AICc), log-likelihood scores and Akaike weights (AICw). The weight of each model measured the relative likelihood of a model being the best fit for the given data (Burnham and Anderson 2002) . All data analyses were performed using the R program (R Development Core Team 2014) with the assistance of the software packages vegan (Oksanen et al. 2015) , MASS (Venables and Ripley 2002) and MuMln (Barton 2014) .
RESULTS
Sediment and morphodynamic variability
The particle grain size and beach face slope varied alongshore between 0.09 and 0.34 mm (very fine sand to medium sand) and 0.03 and 0.08, respectively (Table 1 ). The first principal component of the PCA analysis showed that there was a clear physical spatial gradient alongshore. The biplot showed a distinct separation between transects 1 and 2 and the other transects. The first ones were characterized by the higher values of organic matter and grain sorting ( Fig. 2) . The transects sampled from the middle part of the beach arc (3 to 6) were characterized by higher values of kurtosis measures. This gradient was partially disrupted by the position of transect 8, which grouped with the middle transects on the central top of the PCA diagram. Transects 7, 9 and 10 were characterized by higher grain size, slope and skewness values (Fig. 2) .
Species composition and distribution alongshore
A total 886 individuals were sampled, and 21 species were identified, which were mainly comprised of polychaetes and crustaceans ( Table 2 ). The most abundant and frequent species was the polychaete Scolelepis squamata (n=511), which was followed by the cirolanid crustacean, Excirolana armata (n=103). The total number of individuals decreased as the distance from the sheltered end, the particle grain size and the beach face slope increased (Fig. 3A-C) . In addition, the species richness tended to decrease as the distance increased; however, there is no significant trend here and no clear relationship with the grain size and beach slope (Fig. 3D-F) .
Relationships between the species distribution and the sediment variability
The RDA explained 37% of biological variability. The triplot diagram showed that there were clear differences in the species assemblage and sediment texture alongshore (Fig. 4) . The transects from the sheltered end were separated along the first canonical axis by higher contents of organic matter, grain sorting and kurtosis measures. In particular, the organic matter and grain sorting variables were related to the higher abundance of polychaetes. In contrast, the transects from the middle area and the exposed ends had more severe morphodynamic conditions and were plotted on the positive side of the first canonical axis. These transects were dominated by a high level of crustaceans. The second axis separated transects 9 and 10 from transects 5 to 8 by coarser grain sizes (Fig. 4) .
The models ranked by their AICc values are shown in Table 3 . For the three response variables investigated, all models that included the beach slope or at least one sediment characteristic had a higher likelihood than the respective null model that included only the intercept term. For the total number of individuals, the best-fit model (with an AICc weight equal to 0.513) included the grain size, sediment sorting and an intercept term (Table 3 ). Figure 5A -B show that the partial effects of grain size and sediment sorting decreased the number of individuals. The second best-fit model excluded sediment sorting and the AICc weight was 0.338. The evidence ratio measures the support for each individual model by taking into account the ratio between the weight of the best-fit model and a candidate model (Burnham and Anderson 2002) . The ratio between the first and the second best-fit models was 1.52, which indicates that a parsimonious explanation has the same probability of being the best-fit model. The AICc weights of all the remaining models were less than 0.1 (Table 3 ). The best-fit model adjusted for the number of S. squamata included all the morphodynamic predictors and had an AICc weight of 0.99, which indicated that this model has a very high probability (99%) of explaining another data set structured by the same processes (Burnham and Anderson 2002) . The three morphodynamic predictors had a negative effect on the abundance of S. squamata ( Fig. 5C-E) .
The best-fit model adjusted to the number of E. armata included only sediment sorting (Table 3) and had a negative effect on the number of individuals (Fig. 5F ).
DISCUSSION
Our primary hypothesis was confirmed by both the strong correlation between the distribution of macrofauna at the population and community level and the physical variability. The log-spiral shape, in which the beach arc is sheltered at the narrow end and more exposed at the open end, is generated by the slope gradient and the sediment texture along Suja Beach. The sheltered end of the beach was characterized by smaller particle sizes, a higher organic matter content and macrofauna consisting primarily of polychaetes. The exposed end was characterized by coarser sand, a lower organic matter content and a high presence of crustaceans. These data indicate that the physical variables are an important driver of community structure and species distribution, even at mesoscales under dissipative conditions. At mesoscales, macrofauna communities from the intertidal zone are mainly controlled by physical drivers and may lack a strong biotic control in direction to reflective morphodynamic states (see McLachlan 1990 , Brazeiro 2001 , Defeo and McLachlan 2005 for a review). The triplot from the RDA indicated that there were clear changes in the community structure and the sediment texture alongshore, which explained more than one-third of the variability in community assemblage. On exposed sandy beaches, the change in response to physical drivers is more variable for species abundance than for species richness (Defeo and McLachlan 2005) . In addition, the length of the beach influences species composition at small spatial scales such as pocket beaches (<2 km); however, this influence decreases as the length of the beach increases (Brazeiro 1999) . The relationship between beach length and total species number is not obvious and may be non-linear and scale-dependent (Cardoso et al. 2012) . McLachlan (1996) reported that on a 4-km-long beach in Namibia, the species richness and abundance decreased in the central area of the beach arc where the mean sand particle size increased due to tailings disposal. However, studying two shorter Brazilian beaches (700 and 900 m long), Fernandes and Soares-Gomes (2006) found a significant relationship between species abundance, grain size and beach slope, but not species richness. These results are in agreement with our findings on the relationship between species abundance, species richness and the physical variables. Species abundance was higher in the first transects and decreased at the more exposed ends of the beach; therefore, the species abundance was negatively related to the particle grain size. Furthermore, although species richness tended to decrease at the exposed ends of the beach arc, it was not significantly related to any physical variables in our models.
When addressing large-scale community patterns, morphodynamic models predict that species richness and abundance increase from reflective to more dissipative morphodynamic states because species are excluded from the extremes of the harsh swash climate and coarser sand conditions (Brazeiro 2001 , McLachlan 2001 . Although studies have confirmed this hypothesis Dorvlo 2005, Barboza and Defeo 2015) , ecological patterns, such as the importance of the effects of environmental drivers, may shift along spatial scales (Wiens 1989) , especially on exposed sandy beaches (Defeo and de Alava 1995) . For example, Giménez and Yanicelli (2000) proposed that the environmental variables driving the species-dependent distribution of the sandy beach crustaceans, Excirolana braziliensis, Excirolana armata and Emerita brasiliensis vary according to the sampling scale (between 30 m and 3 km). However, this is not a general rule. Rodil et al. (2012) showed that that local scale investigations could be a feasible way to construct general predictive species-environmental models on sandy beaches. Ou results corroborated this hypothesis because they supported the morphodynamic models at the mesoscale.
The variability in species assemblage primarily results from the independent changes in the abundance of the individual species in response to variability in swash and particle grain size (McLachlan 1996) . In this study, the variability in total abundance was primarily influenced by the species S. squamata and was significantly correlated to both swash and particle grain size (p<0.01). The polychaete species S. squamata, which is a suspension feeder that captures food particles above the sediment water interface, is widely distributed in the intertidal sediments of sandy beaches and lives in well-sorted grains (Dauer 1983) . The more exposed area of the beach arc was dominated by the cirolanid, E. armata, which were virtually absent from the first transects. E. armata acts as a scavenger/predator and, at the macroscale, is highly substratum-specific to fine sands of beaches from dissipative to intermediate morphodynamic states (Defeo et al. 2001 , Lozoya et al. 2010 , Petracco et al. 2010 . When only a single beach arc is investigated, the sand particle size emerges as the most immediate environment of the macrofauna (Defeo and McLachlan 2005) . The sediment of Suja Beach varied from very fine sand (0.09 mm) to medium sand (0.34 mm) and was included in the best fit for the total abundance and for the number of individuals of S. squamata. However, the distribution of E. armata was only related to the sediment sorting and not to particle grain size. Sediment sorting is controlled by hydrodynamic and/or geomorphological processes. Well-sorted sediments are typical of high-energy areas, whereas poorly sorted sediments are typical of low-energy areas (Gray 1981) . Therefore, multiple environmental drivers (i.e. oxygen tension) are linked with the energy regimes of sandy beaches, and sorting can be used as a proxy of this variability. Here we have shown evidence that sorting, which operates over large spatial scales (Gray 2002) , has a straight relationship with the distribution of E. armata, corroborating the harshness exclusion hypothesis even at mesoscales. In addition, regarding the across-shore variability, we found higher density and species richness at levels 1-5 than at levels 6-10 because cirolanid isopods and spionid polychaetes are typical of the littoral zone (Defeo and McLachlan 2005) .
The presence of a pier at the sheltered end of Suja Beach could be a potential "amplifier" of the pattern found in macrofauna distribution because coastal structures could modify the wave regime and depositional processes of the beach arc. However, generalizing about the morphodynamics responses of sandy beaches to armouring impacts is very difficult because responses depend on the types of sediment, beach morphology, position in a drift cell, and local hydrodynamic regimes (Coyle and Dethier 2010) . The sheltered intertidal areas next to piers can have a higher sedimentation rate and higher fine fraction percentage, which induce a lower permeability of sediment and a thin oxygenated layer (Gray 1981) . However, in this case, the pier is a very short, totally permeable construction over a natural projection to the sea that is certainly not the main driver of macrofauna variability.
The relationship betweeen distance along the shore, species abundance and species richness indicated that the presence of a freshwater input in the middle area of the beach arc was not the main source of the variability alongshore. Note that in Figure 4 we captured a linear decrease in richness and abundance alongshore and not a disrupted pattern in the middle section of the beach arc, as could be expected if there was a major influence from freshwater input. This result was not expected and was probably related to the particular random positions of the equidistant transects sampled alongshore, which may not have captured a poor freshwater effect. However, future investigations should include temporal sampling to address the effect of the variability in the volume of freshwater discharge and the disruption of the spatial pattern described here.
Although the variability in sediment texture and beach face slope accounted for 37% of the total variance, a total of 63% of the variability in the community assemblage was not explained by the physical variables measured here. This indicates that some sources of variability (random noise, abiotic, biotic and/or the interactions) were not accounted for in our mod-el. The residual can also be a result of the mismatch between the scale of the environmental changes and biological response (Chapman et al. 2010 . We ran post hoc GLMs (using a Poisson distribution with log-link function) to model the total number of individuals and the number of S. squamata and E. armata, using distance along the shore as a predictor. We found a significant relationship in all the three models (Wald t values p<0.05), with a negative correlation for the number of E. armata. The distance along the shore can express linear gradients (biotic and/or abiotic) that were not included in our model. Factors other than the morphodynamic variables included here may influence the pattern in community structures Lastra 2001, Rodil et al. 2012) . For example, fine sediments have poor water circulation and often low oxygen tension, which can favour the presence of specific species (Gray 1981) . In addition, medium and fine sands have more organic matter per unit area, so it is known that macrofauna density is usually higher (Gray 1981) . The distribution of macrofauna alongshore may not only be influenced by physical drivers (Donn 1987) , but also by the interaction between the physical and biological variables (Schoeman and Richardson 2002) . Finally, here we predict an increase in the contribution of random noise to macrofauna variability when the spatial scales investigated are increased. This hypothesis should be further tested.
Our results indicate that physical variables are an important driver of community structure and species distribution, even under dissipative conditions and at mesoscales of log-spiral sandy beaches. The less exposed sheltered end of the beach was dominated by polychaetes, whereas the more exposed end was dominated by crustaceans, which confirms the swash exclusion hypothesis. The variability in macrofauna was mainly influenced by the polychaete S. squamata and the crustacean E. armata, which were both significantly related to the sediment texture or beach face slope. We can highlight that species abundance is a more sensitive community descriptor than species richness. Although predictions from the morphodynamic models were found at shortened physical gradients, the pattern of species richness was suppressed at mesoscales. These results corroborated previous data and supported that the scale of the investigation plays a crucial role in ecological modelling. Therefore, the species-morphodynamic models of sandy shores should be cross-validated against the changes in spatial scale and in the local habitat heterogeneity.
